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ABSTRACT 
This paper presents the results of an experimental investigation of the strength and behavior of concrete containing 
blast furnace slag (BFS) and coal fly ash (CFA) as a partial replacement for ordinary Portland cement (OPC).  Test 
results of the study show that the designed strength was exceeded and that the ductility ratio and the safety margin 
against brittle failure of concrete containing these industrial by-products were comparable to those of the reference 
concrete  (normal  ordinary  Portland  cement  concrete),  proving  the  feasibility  of  using  the  waste  materials  as 
alternative construction materials.  
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1.  INTRODUCTION 
Economic  and  environmental  considerations  have  motivated  the  quest  for  the  use  of  industrial  by-products  as 
alternative to conventional aggregates and binders in cementitious matrix.  Annually, billions of tons of industrial 
wastes such as fly ash, blast furnace slag and cement kiln dust, to mention but a few, generated world-wide as by-
products of industrial processes are disposed off in landfills.  This practice, apart from being expensive, places much 
burden on the limited available landfill facilities.  Studies have shown that some of the afore-mentioned solid wastes 
contain potentially useful cementitious  material that could be used as a full or partial substitute for  traditional 
binders  in  concrete  or  mortar.  These  novel  applications  of  the  industrial  waste  will  not  only  reduce  the 
environmental hazard associated with their disposal, but also will immeasurably improve some characteristics of 
concrete or mortar when used as supplements in such matrices ([1], [2], [3], [4], [5], [6], [7], [8]).  In this study an 
experimental program was designed to investigate the strength and behavior of concrete containing BFS and CFA as 
partial replacement for OPC. 
 
2.  EXPERIMENTAL PROGRAM 
Materials and Method 
Type 1 ordinary Portland cement which meets ASTM C150 specifications was used.  The fly ash used for the study 
was supplied by PPL Coal Power Plant, Brunner Island, and the blast furnace slag was provided by St. Lawrence 
Cement, Camden, New Jersey. Coarse aggregate (CA) of maximum size 1.2 in. and a natural river fine aggregate 
(FA) both with a specific gravity of 2.7 were used. Concrete mixture of 1:2:4:0.59 (binder: sand: coarse aggregate: 
water-cement ratio) containing various combinations of BFS and CFA as 20% replacement of OPC by weight in 
concrete was used.  Batching of constituents was by weight, and mixing was by hand. After constituents were mixed 
to homogeneity,  representative  mixtures  were tested for  fresh density and air content. The  mix proportions by 
weight required to cast triplicate cylinders and beams for each mixture combination are presented in Table 1. 
 
Table 1.  Mix Proportion 
Mix Designation  Waste Combination 
(%) 
Mix Proportion (kg) 
CFA  BFS  OPC    CFA     BFS     FA       CA         Water 
M0 (Control) 
M1 
M2 
M3 
M4 
M5 
M6 
0 
20 
16 
12 
8 
4 
0 
0 
0 
4 
8 
12 
16 
20 
35.38     0         0         70.76    141.75     20.87 
28.30    7.08     0         70.76    141.75     20.87 
28.30    5.66     1.42    70.76    141.75     20.87 
28.30    4.25     2.83    70.76    141.75     20.87 
28.30    2.83     4.25    70.76    141.75     20.87 
28.30    1.42    5.66     70.76    141.75     20.87 
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Preparation of Specimen and Testing 
Standard  cylindrical  molds  of  size  150  mm  diameter  and  300  mm  height  were  used  for  the  preparation  of 
compression and split tension specimens. Three specimens from each mix combination were cast for each test under 
normal  laboratory  conditions.  Triplicate  specimens  were  also  manufactured  for  control  concrete  for  reference 
purpose.  All specimens were removed from the molds after 24 h and cured in water at room temperature for 28 days 
before testing.    
Flexural specimens were beams of size 150 mm × 150mm × 900 mm. Triplicate specimens for each combination 
were cast using metallic moulds. Each beam was reinforced with a single 15.63 mm diameter rebar placed at a 
height of 72 mm from the bottom of the mold. The flexural specimens were also cured for 28 days before testing. 
The test methods used for testing cylinders and beams are presented in Table 2.  
 
Table 2. Method Used for Testing and Analysis of Sample 
Property tested                                                                                             Method Used 
Density                                                                                                         ASTM C 138-92 
Air content                                                                                                   ASTM C 231-916 
Compressive strength                                                                                  ASTM C 39-02 
Split tensile strength                                                                                    ASTM C 496-02 
Third-point flexural strength                                                                       ASTM C 78-02 
 
3.  RESULTS 
Effect of Binder Combination on Strength Characteristics 
  The results of the compressive strength of concrete containing ternary binder of OPC-BFS-CFA and that of 
the reference concrete are summarized in Table 3. Each value is the  average of a triplicate test result.  As 
could be observed from the results, the replacement of OPC with the waste materials generally led to a 
decrease in strength of the concrete.  An explanation for the observed trend is simply the fact that the 
combined compressive strengths of the BFS and CFA incorporated into the matrix are less than that of the 
replaced OPC. 
 
Table 3. Compressive strength, Split tensile strength, Modulus of elasticity, Axial strain, Density, and Air content of 
OPC-BFS-CFA Concrete Cylinder. 
Specimen 
designation 
Binder 
combination 
(%) 
OPC : BFS :  CFA 
Compressive 
strength 
(MPa) 
Axial 
strain 
(%) 
Split tensile 
strength 
(MPa) 
Modulus 
of 
elasticity 
(MPa) 
Wet 
density 
(kg/m
3) 
Dry 
density 
(kg/m
3) 
Air 
content 
(%) 
(1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9) 
C0 
C1 
C2 
C3 
C4 
C5 
C6 
100  :   0   :    0 
80    :  20  :    0 
80    :  16  :    4 
80    :  12  :    8 
80   :   8    :    12 
80   :   4    :    16 
80   :   0    :    20 
30.13 
26.98 
29.72 
24.70 
27.16 
23.23 
21.84 
2.30 
1.07 
1.12 
1.31 
1.33 
1.36 
1.52 
3.24 
2.43 
3.23 
3.00 
2.98 
2.08 
2.39 
25979 
24587 
25800 
23525 
24663 
22808 
22118 
3103.13 
2861.50 
3051.82 
3017.07 
2912.80 
3027.00 
3030.31 
2411.34 
2527.19 
2439.47 
2487.47 
2365.00 
2499.05 
2283.90 
3.7 
3.3 
2.8 
3.4 
3.1 
3.3 
2.5 
 
Fig.1 shows the  compressive strength of the concrete containing the waste materials expressed as a ratio of the 
corresponding strength of control concrete. The plot shows that when  the investigated combinations of BFS-CFA 
were used as 20% replacement of OPC in the matrix, the compressive  strength of the concrete was between 72.5% 
and 98.6% of the strength of the controlled concrete.  A one -way analysis of variance (ANOVA) test conducted at 
5% significance level presented in Table 4 shows that the waste combination  had a significant influence on the 
strength of the concrete.  IJRRAS 12 (1) ● July 2012  Udoeyo & al. ● Strength Performance and Behavior of Concrete 
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Fig. 1.  Strengths of OPC-BFSC-CFA concrete related to those of control 
 
 
Table 4. ANOVA for compressive and split tensile strength of OPC-BFSC-CFA concrete 
Strength                           SV                           DF                   SS                            MS                 Fcal        Ftab     
Compressive strength 
                            Binder combination               6                3711390.53              618565.10          7.65       2.85 
                             Error                                   14               1132614.67                80901.05 
 
Split tensile strength 
                           Binder combination                6                    80223.46              13370.58            2.59       2.85 
                           Error                                     14                   72381.04                5170.07 
 
                                     
 
The decrease in the concrete strength seems to be more pronounced with increase in  CFA. However,  since the 
designed strength of 21 MPa was achieved for all the mixes, it is therefore indicative that the waste materials could 
be used as partial replacement for OPC in conc rete. The effect of treatment reliability to a target compressive 
strength was also investigated by using the conventional definition of probabilistic reliability [9].  
                              R = 1 - Ff                                                                                                        (5) 
Where where R is the material reliability to exceed a target strength, r (MPa), and Ff  is the cumulative distribution 
function of failure, f, that is P(f ≤r). Assuming that the statistics correspond to population ones, several probability 
distributions were used to study the effect of additive treatment levels on material reliability. Typical engineering 
distributions such as the Lognormal, Normal, Weibull, and Gumbel (Extreme Type I) were adopted to consider 
various degrees of positive and negative skewness.  Table 5 shows the calculated treatment reliability to target 
compression strength of 21 MPa for various probability distributions. Reliability decreases with strength as shown in 
Fig. 2 for C6. The results suggest that, except for treatment C6, all treatment levels report a reliability over 75%, 
regardless of the distribution assumed. 
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Table 5. Treatment Reliability to a Target Compression Strength of 21MPa for Various Probability Distributions. 
Treatment  Lognormal  Normal  Weibull  Gumbel 
C0  0.999  0.998  0.977  0.999 
C1  0.999  0.999  0.995  0.999 
C2  0.999  0.999  0.996  0.999 
C3  0.999  0.999  0.976  0.999 
C4  0.997  0.993  0.951  0.999 
C5  0.999  0.999  0.969  0.999 
C6  0.760  0.765  0.740  0.823 
 
               
Fig. 2. C6 Reliability Curves to a Target Compression Strength of 21MPa 
 
  The test results of split tensile strength of OPC-BFS-CFA concrete are also summarized in Table 3.  Each 
value is the average of three test results.  The trend of the results is similar to that of compressive strength, 
that is, the split tensile strength of the concrete decreased when OPC was replaced with BFS and CFA in 
the matrix.  The reduction in the split tensile strength was more pronounced compared to the compressive 
strength of the concrete for most of the tested samples.  A one-way ANOVA test on the split tensile 
strength  data  is  also  presented  in  Table  4,  and  the  split  tensile  strength  of  OPC-BFS-CFA  concrete 
expressed as a ratio of the corresponding strength of control concrete is also shown in Fig. 1. The plot 
shows that the 28 days split tensile strength of the OPC-BFS-CFA concrete was between 64.2% and 99.7% 
of the strength of the reference concrete. 
  The  values  of  the  moduli  of  elasticity  of  OPC-BFS-CFA  and  that  of  reference  concrete  generated 
simultaneously with the compressive strength data are also presented in Table 4.  As could be observed 
from the results, the moduli of OPC-BFS-CFA concrete are less than that of control concrete. 
  The test results of the densities and air content of OPC-BFS-CFA concrete also presented in Table 3 show 
that the densities of most of the tested specimens were almost the same as that of the control, implying that 
OPC-BFS-CFA concrete may be regarded as a dense concrete. The air content of the concrete was also 
comparable to that of control concrete.  IJRRAS 12 (1) ● July 2012  Udoeyo & al. ● Strength Performance and Behavior of Concrete 
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Effect of Binder Combinations on Moment Capacity and Ductility Behavior of Beams 
Presented in Table 6 are the theoretical and the experimental first crack moment and ultimate moment capacities of 
OPC-BFS-CFA concrete and that of the reference concrete. The theoretical first crack moments were predicted 
using ACI 318 Equation 9-9, and the ultimate moments were predicted using the rectangular stress block analysis as 
recommended by the same code.  Beam B2 exhibited the highest  first crack  moment capacity  while  beam B6 
exhibited the least, and beam B0 exhibited the highest ultimate moment capacity while Beam B1 exhibited the least 
ultimate moment. As the results further show, the experimental moments were higher than the theoretical moments. 
The experimental first crack moment and ultimate moment were 43 % to 62 % and 37 % to 84 %, respectively 
higher compared to the predicted. The experimental first crack and ultimate moment capacities of OPC-BFS-CFA 
were 91 % to 108 % and 73 % to 89 %, respectively of that of control beam. The capacity ratios of the tested beams 
are  shown  in  Fig.  3.  The  capacity  ratio  is  defined  as  the  ratio  of  the  experimental  ultimate  moment  and  the 
theoretical ultimate moment. From the plot, it is evident that the capacity ratios of the OPC-BFS-CFA concrete 
beams were less than those of the reference beams, and that the ratios for the former increased with increase in CFA 
content. The ductility of the beams tested in this work was assessed in terms of ductility ratio. Ductility ratio is 
defined as the ratio of ultimate deflection (∆u) to that of deflection at first yield (∆y). As shown in Fig. 3, the ductility 
ratio of OPC-BFS-CFA concrete beams was between 1.28 and 2, while that of the control was 1.91. These further 
corroborate the results on the safety margin against brittle failure presented in Table 6, and are indicative of the fact 
that OPC-BFS-CFA concrete beams within the investigated replacement level have the capability of undergoing 
large deflection before failure occurs. The safety  margin  was computed as the difference between Mu and Mcr 
divided by Mu.    
 
 
Fig. 3.  Capacity and ductility ratios of OPC-BFS-CFA concrete beam 
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Table 6. Cracking moment (Mcr), Ultimate moment (Mu), Deflection (∆), and Safety margin against brittle failure 
(S) of OPC-BFSC-CFA Concrete Beam. 
Beam  Binder combination 
         (%) 
OPC  :   BFS :  CFA 
Cracking moment (Nm)  Ultimate moment (Nm)  Deflection (mm)  Safety margin 
Mcr (exp)  Mcr (theo)  Mu (exp)  Mu (theo)  ∆u  ∆y  S (exp)  S (theo) 
(1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10) 
B0 
B1 
B2 
B3 
B4 
B5 
B6 
100  :    0    :    0 
  80  :   20   :    0 
  80  :   16   :    4 
  80  :   12   :    8 
  80  :     8   :    12 
  80  :     4   :    16 
  80  :     0   :    20 
1578 
1484 
1711 
1613 
1607 
1564 
1439 
1097 
1038 
1090 
1023 
993 
963 
934 
5110 
3745 
4467 
3940 
4558 
4112 
4149 
2783 
2731 
2773 
2731 
2685 
2655 
2618 
10.5 
4.5 
6.0 
6.3 
6.5 
8.0 
11.5 
5.5 
1.3 
3.0 
3.5 
4.0 
5.0 
9.0 
0.69 
0.60 
0.62 
0.59 
0.65 
0.62 
0.65 
0.61 
0.62 
0.61 
0.62 
0.63 
0.64 
0.64 
 
4.  CONCLUSIONS 
In this experimental program, the behavior of concrete specimens with varied combinations of blast furnace slag and 
class c coal fly ash as 20 % replacement of ordinary Portland cement were studied, and compared with reference 
concrete (concrete containing OPC only). Based on the results of this work the following conclusions could be 
drawn: 
  There  was generally a decrease in  strength of OPC-BFSC-CFA concrete compared with the reference 
concrete. However, the fact that the design strength of all the mixtures investigated was achieved indicates 
that BFS and CFA can be used as a replacement for OPC. 
  Based  on  the  result,  a  16%  BFS  and  4%  CFA  combination  is  herein  proposed  as  optimum  for  20% 
replacement of OPC in concrete matrix, since at this combination only 1.4% reduction in the compressive 
strength of OPC-BSF-CFA concrete was observed when compared with the controlled concrete. 
  The bending behavior of the beam in terms of the ductility ratio and safety margin against brittle failure of 
OPC-BFS-CFA concrete was comparable to that of the reference concrete, further indicating the possibility 
of using the waste as a partial replacement for OPC in concrete. 
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